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In May 1999 state-of-the-art autongrtechnoloy was and was demonstrated y bthe Remote Agent
allowed to assum @mmand and control of the Deep Experiment (RAX) on tB Deep Space One (DS1)
Space One spacecraft duringetiRemote Agent spacecraft. In the Remote Agent approdch Artificial
Experiment. This experiment demonstrated numerouBitelligence (Al) technolog is used to encode the
autonony concepts ranging from high-level goal- operational rules and constraints in the flight software.
oriented commandingotan-board planning to robust The software mabe consideredotbe an autonomous
plan execution to model-based fault protection. Manyremot aent" of the spacecraft operators in the sense
lessons of value to futerenhancements of spacecraft that the operators nebn the agent to achieve particular
autonony were learned in preparing for and executinggoals. Tle operators do not knothe eact conditions
this experiment. Tisipaper describes those lessons andn the spacecraft, so tlyedo nd tell the agent exactly

suggests directiaof future work in this field. what to do at each instant of time. Vhdo, however,
tell the agent exagtlwhich goals to achieve in each
INTRODUCTION period of time as well as he and when to

Robotic spacecraft are making it possible to eproreCommunlcate with the ground controllers.

other planet and understand the dynamics, The DS1 Remote Agent Experiment achieved multiple
composition, and histgrof the bodies that make up our téchnoloy objectives A primary objective of the
solar system. These spacecraft enable us todxten €xperiment wasat provide an on-board demonstration
presence into spa d a fraction of te @st and risk Of spacecraft autonomy. Bhdemonstration addressed
associated with human exploration. Jreso pave the nominal  operations, including  goal-oriented
way for human exploration. Where human explorationcommanding, extended aggnaia back © back

is desired, robotic precursors can help idgraiid map ~ Pplanning for sequential periods, and closegslgpal-

candidate landing sites, find resources, and demonstra@éiented plan execution respondirgyldcth time-driven
experimental technologies. and event-driven events. In additiong tlxperiment

) demonstrated extensive fault protection capabilities,
Current spacecraft operations and cdntBehnology  jncjyding failure diagnosis, failure recoyensing bah

relies heavy on a relativey large and fighly skilled  enair ‘and  reconfiguration, on-board  replanning

mission operations tem hat generates detailed time- ¢5)10ing atherwise unrecoverable failures, and system-
ordered sequences of commands or macros to step tigq fault protection

spacecraft through elac desired activity. Each
sequence is carefylconstructed on the ground in such An equaly important, and complementary, objective of
a way as to ensure that all known operationalthe &periment was to learn koto integrate a remote
constraints are satisfied. ~ &hautonony of the agent into tk etensive flight ad gound spacecraft
spacecraftslimited. contrd infrastructure. This objective was achié\usy a
three-pronged approach. First, a successful on-board
An alternative approach to spacecraft commanding andemonstration required integration of the Remote Agent
control uses Remote Agent (RA) software technologywith the spacecraft flight software. This integration
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provided valuable information on required interfaceschecks when # drcumstances arsimilar to those that
and performance. Second, ghexperiment forced the the on-board planner Bdealt with previously.
development of a testing methodojatpat was able to
give the spacecraft engineers adequabnfidence in
the plans generaleby the remote agent. Third, the Fixed time-based sequences are brittle: one unexpected
experiment was operated with close cooperatiorproblem is sufficient to cause ta sequence to fail and
between Remote Agent tea members and DS1 then tre spacecrafmud take sore mntingeny action,
operations engineers. Together, we learned abowften switching to a "Safe" mode of some sort. In the
operating a spacecraft controllegldremote agent. remoe a&ent approach, the "smart executive" is
responsible for executing a plan rather than a sequence.

In May 1999, tre Remote Agent. Experlment. WaS The distinction between a plan and a sequence is that
executed successfully, demonstrating the appllcablht)(he plan contains not onkhe required tasks and the

of Remqte Agent technologle_s to. Spac.ecraﬂdesired execution times, but alsoe tlevent-relative
commanding and control. i experimen in

spacecraft autonoythas allowed the remate agent team constraints and informationnohow much flexibility
b g each task hain its requested start and stop times. The
to learn map lessons about the technojogeeded for

spacecraft _autonomv. the process of technolo remoe aent executig dooses items for execution
Spac Y P - Mhen al time- and event-relative preconditmhave
infusion, and some of the obstacles remajniiefore

spacecraft with a high level of autonpmill be flown been met Once tfe executive starts a taskt, takes
TFr)]e intent of ths ager § to shae thébse lessons w.ith responsibiliy for its wiccessful completion. If a

Paper & X .._problem occurs in execution, eéhexecutive ha the
the spacecraft and Artificial Intelligence communities

. ability to retly the sare and dfferent approaches to
so that we mawork together to address these issues. achieving a task.

Robust Execution

The Remote Agent was tremendgusiuccessful in
showing what $ possible. A major measure of its
eventual success will be ghetent to which our Current spacecraft nelheavily on logical expressions
communities are able to agphhat we've learned here to male on-board decisions. These yngake many

to future challenges. We believe that highly-capabldorms, such as: If Message A arrives, send message B.
autonomos acecraft are possible and their If M > N set Z to W, etc. These have the disadvantage
development can start soon; we also have quite a bit of requiring nev rules of each additional desired

Extensive On-Board Behavioral Models

work still to do to make that happen. behavior. The remote agent relies on a combination of
domain-specific behavioral models plus general-
BENEFITS FOR MISSIONS purpose reasoning engines. In the on-toganner,

models include: state transitions required to set up a
target state, resources requirgddsks, flight rules and
constraints, ad detailed numerical planning experts
that can respond to specific queri®ch as "Hav long
does a turn from attitud¥ to attitudeY take"? For
High Level Commanding: fault protection, the remote agent uses models of the
behavior of the hardwarand software in nominal and
certain failure modes.

The real customerfor the caabilities of the remote
agent flight softwae ae the groum gperators. In this
paper, we discuss a number of advantagest ttia
technology offers from the customer's point of view.

In today's environment, the operating mladethat the
behavior of the spacecraft in responge proposed
commands is predicted @nunderstood at a very
detailed level. Typicayl each detdiis reviewed and TECHNOLOGY
approvel by cognizant representatives of eachThe Remote Agent is formed khe integration of three
subsystem. We propose a paradigm shift: ereat  separate Artificial Intelligence technologies: an on-
board models fo flight rules and constraints and board planner-scheduler, a robusnulti-threaded
command response behavior. Send high-level goals ®xecutive, and a model-based fault diagnosis and
the spacecraft and allothe spacecrato creae aplan  recovey system.
that meets the gaavhile satisfying all constraints. The
operatos have the option to simulate eéhplanning
process ahead of tenand predid the mod likely  The RA architectur and its relation to flight software
spacecraft behavior as before. Eventuallys étsisumed are shown in Figer 1. Viewed as a black-box, RA
that it will be possible to reduce $hsimulation to spot issues commands to real-traxecution flight software
(FSW) to modiy spacecraft state, and recaivdate

Remote Agent Architecture
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information through a set of monitors that filter dataconstraints d ke established or maintainedn@ wses
streams into a set of abstract properties. The RA itselfeclarative models it shares with Ml to recommend a
is comprised of three components: a Planner/Schédulesingle recovey action to EXEC.

(PS) tha includes a Mission Manager, a Smart
Executive (EXEC), and a Mode ldentification and
Reconfiguration modufe (MIR) also known as
Livingstone.

The RAX manager, a software kabelonging to the
DS1 flight software, mediated all communication
between the Remote Agent and the flight software on
DS1.

Figure 1: RAX Architecture

FLIGHT QUALIFICATION
I Planning | | Ground

—— | | Expents | | System| QOne of the most difficult challenges facing systems

Remote Agent

Planner/

Scheduler Expsr’?mem w 7 offering increased autonagnis that of demonstrating to
Manager || the satisfaction of technologists and customer alike that
Rez;It—Time the software will behave acceptalih a wide varigf of
> Software

Smart
Executive /,”
%

situations for which it will not be pre-tested.

Mon- The remote agent has approached the qualification issue
ors from a number tfronts:

—

d . . .
Qe Flit;ﬁt Our primay testing approach was to exercise RA
H/W on scenarios clustered arauour expected experiment

baseline. These were perfordna platforms of varying
f%elity. This proved effective for our experiment, but it
is sensitive to changes in the baseline.

PS formulates near-term planning problems based on
long-range mission profile representing the gadlthe
mission, extracts gagfor the next scheduling horizon,
combines them with a projected spacecraft statEormd methods can validate that thdesign (but not
provided ly EXEC, and formulates a plangiqroblem.  the implementationdf critical algorithms in th ©re
This decomposition into long-range missig@anning engines meet certain requirementd/e employed
and shorter-term detade panning enables RA to formal methodsd validate some parts of the RA as
undertale an extended mission with minimal human feasibility studies, bt it was not part of the testing
intervention. process. Formlamethods will needd ke part of any

PS then takes a plan request from MM groduces a full-scale testing effort of the Remote Agent.

flexible, concurren temporal plan for execution by Finally, we designed tools to automatigaterify RAX
EXEC. PS constructs plamusing domain constraints output. One kg tool was a “flight-rule checker” that
and heuristics in & knowledge base. Third-party converted the RAX execution traces into a form that
software modules provide efficient computation forcould ke deckel by a DS1 tool for verifying that
specializel problems. sequences obey the flight rules.

EXEC executes a phaby decomposing the high-level Testing Approach
plan activities ind primitives, sendig aut commands,
and monitorig progress based on direct feedback from
the ommand recipient or on inferences dnaly MIR.

If some task cannot be achieved, EXEG/raiempt an
alternate method or maequest a simple recoweplan
from.lemgstone If the EXEC is unable to execute or which ae heavily oversubscribed, diffidtito configure
repair tle arrent plan, it cleagl aborts the plan and

ft tsd ing th f int fo state whil correctly, and unable to run faster thanl t#ae, e.g.,
attempts Ing the spacecraft into a sale state While, ;o qy|d run ony 10 tests in four weeks on one of
requesting a ne plan from MM.

DS1's high-fideliy testbeds. To address these problems,
Livingstore is responsible for mode identification (MI) we enployed a 'baseline testing' approach to reduce the
and mode reconfiguration (MR)MI observes EXEC number of tests, and exploited several lower-fidelity
issuing commands, receives events from monitors, anigstbeds to increase the number of tests we could run
uses model-based inference to deduce the state of t : .
spacecraft and provide feedback to EXEC. MR servewe tested a number of nominal dandf-nominal
as a recover expert, taking as input a set of EXEC
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Autonomous systems, suchthe RA, need to respond
robustly in a wide range of situations. Verifying that
they respond corregilin all situations would require a
huge number of test cases. To make matters worse, the
tess diould idealy be run on high-fidelit testbeds,

Variations around tw baselines. Ta variations
comprised variations in spacecraft behavior that we



might see during execution and changes to the baselirowerC CPU, and the radbed, a flight CPU. Both ran
scenario that might be made prior to execution. Theseith low-fidelity simulators writte by the RAX team.
included variations to the goals in the mission profile,The medium fidely platform was tle '‘papabed’, which
variations inwhen fauls might occur, and variatiain had a flight CPU, bus, and memicand dficial DS1
the FSW responses. simulators. The highest-fidgjit platforms, the

The tests were distributed among the low, medium, an‘éwotbench' and 'DS1 testbed', had flight compused

LT L were onnected to flight spathardware or engineering
high fidelity platforms. The two low-fidelit platforms .
were the 'babybed’ and 'Tadbed'. The babybed hadAo0€lS where feasible (see Table 1).

Table 1: DS1 Testbeds

Platform Fidelity CPU Hardware Availability Speed
Spacecraft Highest Rad6000 Flight 1 for DS1 1:1
DS1 Testbed High Rad600( Flight spafeDS1 sims 1 for DS1 1:1
Hotbench High Rad6000 Flight spare DS1 sims 1 for DS1 1:1
Papabed Med Rad6000 DS1 simulatomly 1 for DS1 1:1
Radbed Low Rad6000 RAX simulasonly 1 for RAX 1:1
PowerPC Lowest PowerPC RAX simulatanly 2 for RAX 7:1

The achitecture of RA allowg us to run certain tests the wurse of tle «perimert to us. The tools are
on lower-fidelily testbeds andeb mnfidert tha their  summarized below.

resuls would hod on higher-fideliy testbeds.
Specifically, the RA commarsdand monitos the
spacecraft through well-defined interfaces with theExecView provided an insighinto the actual execution
FSW. Those interfaces were the same on all platformef the plans that were generdtenboard ly showing

as were the range of possible respons@nly the the status of the spacecraft timelinest thee Smart

fidelity of the responses improved titpatform  Executive was tracking.

fidelity. This allowel us to exercis awide range of

nominal and off-nominal behav®ron the babybeds
and radbed, test ¢hmog likely off-nominal scenarios
on the papabed, and test grthe nominal scenarios and
certain performare ad timing related tests on PSGraphs a simpktod to visualize tfe state space of

Ground Tool Modules

Stanlg gave an in-depth we of the Livingstone
module ly expanding te ©ndensed data in these
messages in concert with a ground-based twin

hotbench and testbed. the onboard plannes’ ard by displaying along an
XY axis the set of nodes visited against the depth of the
GROUND TOOLS node in the planners depth first search tree.

The primay set of ground tools developed to assistTiIm2emailwasan outreachool and successfiyllused
operatos during the RAX experiment was wesimple.  in providing the general public with a weof wha the
Packetview, a tcl/itk based GUI was the basis of thesspacecraft was doing duringetxperiment.

tools am proved b ke invaluable. It obtained the raw
binary stream from the Deep Space Network (DSN),
and displayed itslegible text. During tB @urse of the
flight experiment when #1 DS1 flight team needed
exact times for specdi events known to have

PredictedEvents would pare a downlinked plan
generatd on board ad provide RAX and projetcteam
members with predictions on when speci#ients were
to occur for purposes of tracking.

happened, Packetviecomputed the actual spacecraft FLIGHT EXPERIENCE
time when the event occurred and displayed the data
along with relevant timing parameters. This section describes ¢heperience of executing the

flight demonstratioh Some problems sirfaced along
She way, but it wa gill possible to achieve all
technoloy validation objectives Indeed, the

In addition each of the RA modules had ground tool
which wee aucid in providing necessgdetail during
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unexpected problems allowed some additional level oéven once in thousands of previous races endtious
validation of our capabilities. ground platforms. The occurrence ofstiproblem at
the worst possible time provisletrong impetus for
research on formal verification f oflight critical
RAX Flight Part 1 systems. Once the problem was identified, a patch was

On Monday, Mg 17th, 1999, at 11:04 am PDT, we GUiCKly generated for possible uplink.

received a telematrpacket that confirmed that RAX Following the discover of the problem, we generated a
scenario had started on DS1. Shottiereafter, the 6-hour RAX scenario to demonstrate the remaining
first plan was generated correctly, but not befan ~ 30% of the RAX validation objectives This new
unexpected circumstaa ¢eated some apprehension in scenario was designed, implemented, and tested,
us. together with the patch, on papédbevernight within

Telemety indicated that the planner was generating thea?(?uésleoahgzrz Z?;iprln(tj ;Lé:g z;)r;undonael(liovnd]eeﬁ_rtlo
plan following a different search trajecgothan what gn I;)Nednesda XpTr:e DSooiect decgjejd o rolceged
we had observed in ground testing. Sineednditions ith the nev s}éenar'o H?é or t eldec'ded pnot to

on the spacecraft were practicglidentical to those on witr l0. However, by cl )

the ground testbeds, tlearas no apparent reason of for uplink the pgtch, citing msufﬂqgntestmg 0 build

this discrepancy It turned ou that the spacecraft and adqua& conﬂden.ce. In addition, based_ on the
papabed differed on ¢hmntents of the fé containing experience on various ground testbeds, the likelihood of
asteroid goals and PS was actuablving a slightly :jheeenfn);?jtc)llebg] ;ecllémg l\(lijJ::Z?hetlzess(s Q%L'er etleoSte(\jNgf] d
different problem than it had solved on the ground! Vel low. y W velop

Thus, this unexpected circumstan dlowed s to testeda ontingeny procedure that would enabls 1o

demonstrate that PS problem solving was rotmigast achieve most of our validation objectives even if the
minute changes in the planning goals, increasing thgroblem were to recur.

credibility of the autonomp demonstration. The DS1 project's decigiaot to uplink the patch snot
surprising What was remarkable was their ready
acceptance of the neRAX scenario. Tlgisyet more

The 2 dg scenario continued smoaoghl and

uneventfuly with a simulated switch failure, the ~". . .
. . ' evidence thathe DS project ha developed a high
resulting replan, long tusto poirt the canera d target level of confidence in RA and its abjito nn new

asteroids, optical navigation imaging during which no ~. . : .
ission scenarios in response to changed

communication with DS1 was possible, and the start of)
IPS thrusting. circumstances. Hence, although causey an

unfortunae circumstance, this rapid mission redesign
However, around 7:00 am on TuesdayyM8, 1999, it  provided unexpected validation for RA.

became apparénthat RAX had not commanded .

termination of IPS thrusting as expected. AIthoug'nRAX Flight Part 2
plan execution appeared tbe blocked, telemetry The 6-hour scenario was activated Fyidaorning.
indicated that RAX was otherwise healthy. TheThe scenario ran well uhtit was time to start up the
spacecrdftoo was healthf and h no apparent danger. IPS. Unfortunately, an unexpected problem in some
The decision was made to use EXEC's abiithandle  supporting software failed to confirm an IPS state
low-level commands ot oltain more information transition, thus causing RA to (correctly) stop
regarding tle problem. Oge ewough information had commanding thIPS startup sequence. The underlying
been gathered, the decision was made to stop thmuse of this problem was still under investigation as of
experiment. Bthistime an estimated 70% of the RAX July 20, 1999. Since thiituation was out of scope for
validation objectives had alreateen achieved. RAX, the resulting RA state was inconsistent with
spacecraft state. Fortunately, the discrepgroved to

be benign. Hence, RA was able to congirasecuting

By late Tuesdgpafternoon tle cause of the problem was the rest of the scenario to achieve the rest of its
identified & a missing critical section in the plan validation objectives.

execution code This created a @ ondition between
two EXEC threads. If the wrong thread worsttace, a
deadlock condition would occur in which each threa
was waiting for an event fno the other. Thissexactly
what happened in flight, though it had not occurred
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Troubleshooting and Recovery

By executing the two flight scenarios, RAX achieved
leO% of its validation objectives.



LESSONS LEARNED

The RA tem learned valuable lessons in a number of

areas including RA technolggand processes, tools,
and even autongyrbenefits to missions. The following
sections delve into each of these categories of lesson.

Remote Agent Technology

Team Structuefor RA Model Development:

The RAX team wa gructured horizontayl along

engire boundaries. See Table 2. This metrat team
members specialized in one of the PS, EXEC, and MIR
engines, and each team was responsible for modeling
all spacecraft subsystems for their engine. This
horizontal organization was appropriate for RAX, since
it was our fir$ major experience in modeling spacecraft
subsystems for flight. Hence, it made sense for engine
experts to do all modeling for their engine.

Table 2: Horizontal vs. Vertical Team Structure

Attitude Power Camera lon Etc.
Control Engine
PS . . . . .
EXEC . . . . .
MIR . . . . .

However, this organization kasveral shortcomings.
Perhap the most significant shortcoming was that
knowledge of ay one spacecraft subsystem (e.g.,
attitude ontrol, ion propulsion, MICA camera) was
distributed across ¢h three teams; one needed
discussions with three individuals to get@mplete
understandig d how a subsystem was commandey
RA.

Conclusions: These shortcomigiggest an alternate
structuring for a future SW team. Instied a horizontal
structure, teas might be organized verticgllalong
spacecraft subsystem or domain unit boundaries; e.g.,
single team would be responsible for developing al
models for tle dtitude control system. Tisi would
ensure internal coherence of etlresulting model.
Furthermore, since modelers would needrtiderstand
how to use dl three engines, tlyecan make well
motivatel decisiors on how beg to model a subsystem
to exploit the strengtls of each engia and avoid
information duplication.

While a vertical team organization hats benefits,
certain aspects of model development intrinsicall

constraints, e.g., power allocation strategies, system

level fault protection. Hence, i$ importart to involve
systems enginegto develop these global strategies.

Model Design, Development and Test:

One of the biggest challenges we faced was mod
validation. Ths was particulast true durirg validation

testing, when even small changes in the models had
be arefully and laboriousl analyzed and tested to

6

Y,
involve managing and reasoning about globalS

ensure that there were mnexpected problems. In fact,
in sonme @ases w diose to forgo a model change, and
instead decided to institute flight rules that would
preclude the situation that requirece timodel change
from arising. A related issue was that methods do not
yet exi$ to characterize RA's expected behavior in
novel situations This made it difficdt to precisely
specify the boundaries within which RAX was
guaranteed to act correctly. Whithe declarative
nature of RA models was certainlery helpful in
ensuring te orrectness of models and model changes,
tge difficulty stemmed from unexpected interactions
|between different pastof the model, e.g., different
parts of the model mghave been built under different,
implicit, conflicting assumptions.

Conclusion: Tle central lesson we learned here was the
need for better model validation toold=or example,
the automated test running capabilive developed
proved b ke enormousy helpful, as it allowd us to
quickly evaluaé a large number of off-nominal
scenarios. However, scenario generation and
evaluation of test resgltwere time @nsuming. In
onme @ses, the laborious process we followed to
validate model changes $provided us with concrete
ideas for developing tools that would dramatically
simplify certain aspects of model validation.
Preliminay work in the area of formhmethods for
model validation is ats very promising. Finally, we
rleed to develop better methods for characterizing RA's

%ehavior with a specific set of models, both as p ofa

validating those models and as aywd explaining the
1o )
models to a flight team.

American Institute of Aeronautics and Astronautics



Robustness of the Basic System: Design for Testability

Model validation alone does not suffice; the rest of theSystem-leve testing is an essential step in flight
system, including the underlying inference engines, thereparation.  Designing the RA to simplifand
interfaces between the engines, and the ground toolstreamline system-lel/géesting and analysis can enable
must all be robust Given ou resouce ®nstraints, we more tensive testing, thus improving robustness. In
made the decision to focus our formal testing on moddRAX, system-levetestirg proved to I wmbersome.
validation, with engie and interface testqnhappening The primay reason for théwas the absence of efficient
as a sid dfect. This was a reasonable strategy: coddools to generate me mission scenarios, so that all
that has been unchanged for yearfkely to be very systen tests had d be variatios on the nominal
robug if it has been used with a vagiedf different scenarios. Hence, to test a particular variation, one was
models and scenariosHowever, newer code does not forced to run a nominal scenario up to the point of the
come with tle sane quality assurance Furthermore, as variation, e.g., testing thruster failures during turns
the deadlock bug in flight showed, subtle timing bugsrequired &least 6 hours, sincedHirst turn occurred
can lg hidden for years before manifesting themselves.about 6 howsinto the scenario. (Check this example.)

Conclusion: The primgrlesson is that the basic system Conclusions: The difficujt of generating n& mission
must be thorouglglvalidated with a comprehensive test scenarios is eagiladdressed: a graphidaol allowing
plan & well as formal methods, whergpropriate, visual inspection and modification of mission profiles,
prior to model development and flighinsertion. as well & constraint checking to enguronsistency,
Interfaces between systems must tean and well can dramaticayl simplify the construction of new
specified, with automaticde generation being used to mission profiles. Such a tbis nav being constructed.
genera@ actud interfce ®de, telemetry, model Nonetheless, overall RA validatios &ill necessay to
interfaces, and test cases; code generation provieel t ensure that RA will properlhande exch nev mission
enormousy} helpful in those cases where we did use it. profile (see below).

On-Board Planning Remote Agent Processes

Since tke beginnirg of RA, on-board planning has been A short development period, scarce resources, and
the autonom technology tha most challenges the ambiguiy arising from the research issues inherent in
comfort level of mission operators. Commanding athe technolog characterized the Remote Agent
spacecraft with high-level goals and letting it development. We learned sevefessons in managing
autonomousl take detailed actions very far from the  software development taslof this natue that the
traditional commanding approach with fixed-time software indusir has been re-learning for years.
sequences of low-level commands. We believe that
during RAX the flawless demonstration of on-board
planning haprovided a powerful existence proof of the Without a clear list of prioritized objectives, we had no
feasibility of the approach. Our own discomfort with way to regain schedule marginy bdropping lower
the discrepancbetween tested behavior and in-flight priority objectives, or to track our progress against
behavior of PS during RAX was a surprising mirror ofthose objectives.

the objections of the critics of autonomy.

Priority of Objectives

Conclusion: establish prioritized objectives from the
Conclusion: 1 is difficult to move past the mindset of start and be clear about what you are willing to give up.
expecting complete predictabjlifrom the behavior of
an autonomous system. However, RAX has
demonstrated that the paradigm shifindeal possible. A number of problems manifested each time we moved
In the case of PS behavior during RAX, the point is notto a nev target platform. Since we moved to these
that thre @mbination of pictures requesdté&y NAV had  platforms vey late, the problems weraitical and we
never been experienced beforet thet the problem- were limited to low-impact work-arounds. Marof
solving behavior thathe planner used to achievach these problems could have been detbtieearly end-
individual pictue goal had indeed been tested.to-end tests, even with a limited functionalgystem.
Confidence in complex autonomous behaviors can bEarly knowledge of these issues ynalso have led to
built up from confidence in each individual componentdesign changes that would have addressed the issues
behavior. more robustf or elegany than the eventual work-
arounds.

Early Use of Target Platform
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Conclusion: Use as v¥eplatforms & possible, and run a result on} the tools displayig o interpretirg data in
end-to-end tests on the highest-fidelplatforms as the mosbbvious wg were of high value.
early as possible, even with a limited functionality

Telemetry

product.

In addition to an on-board textual log file downlinked at
the end of the eperiment or on request, RAX sent a
Systems Engineering Tools stream of binar telemety packets, oa for each
significant event, that were displayed as color-coded
text on the ground Among aher things, the telemetry
allowed us to monitor all on-board communication
among RAX modules ahbetween RAX and the flight
software. Ths proved valuable in allowm us to
Conclusion: Develop tools and simplithe modeling quickly diagnose th aomalies that occurred. We
languages to enable spacecraft experts to encod@mediatey knew tha the reason RAX had failed to
models themselves. Emplotools and languages turn df the ion engine was that it had stopped executing
already familiar to the experts. Organize the models the plan in some unanticipated manner; wenkiRAX
around tle domain (Attitude Control, Power, etc.) was still running and could also rule out a plan abort or
rather than around the RA technofo@lanner, exec, a failure to send just en @mmand. Similarly, we
MIR). immediatey narrowel dovn the second anomato a
monitor message that was either not sent or not
received.

Remote Agent Tools

Coding tke domain models required substantial
knowledge acquisition, whiclks a @mmon bottleneck
in Artificial Intelligence systems. It is better to have the
domain expert code the models directly.

Mission Profile Development

The RA is commandedytgoak gecified in a mission
profile. For tre experiment, constructing étprofile was
a “black art” that onf one or two people on the RA
team coull perform. The mission plannerand
operations personnel must be able to spegibals
themselves.

Conclusion: Ensuring sufficient visibijit on all
platforms, including in flight, requires adequate
information in telemetry. The best wto ensure this is

to design te telemety early, and to use itsathe
primary, if not the only, wa of debugging and
understanding the behavior of the system during
Conclusion: Simplif specification of goals. When integration, test, and operations.

possible, use approaches alneddmiliar to mission
planner, such as graphicémeline displays and time-
ordered listings. Provide automated consistenciNext we examine the future benefits of RA based on the
checking. lessons gaircton DS1.

Mission Benefits

Adaptability to Late Model Changes Customer Engagement

The spacecraft requiremsrdand operating procedures Until September 1998 the RAXesign team was not
change throughout development, and even after launchble to engage ¢hDS1 tean in more than a limited
We were unable to encode late changes, due to theanner. After that date, élengagement was focussed
regression-testing overhead that each change requiredon issues related to RAX deployment and to

L . demonstration of RAX safgtwith respetto spacecraft
Conclusions: The validation cost of model—changeﬁﬂ|ealth The DS1 team @ianly minimal exposure on

must be reduced. Some possibilities include tools t?he functionaliy of the RAX technology. As a

evaluate th consequences of model changes on teStingc'onsequence the DS1 fligkeam did not develop an

The models alreyd support Ioca||zgd changes. understandig o how RAX would operate in various
Procedures are needed to uplink and install fusse . . L
changes opergtlonal circumstances nor of what beneflts_ it could
’ provide for future missions. BRAX team consciously
Ground Tools chose the stratggof “minimal interaction” fran the
Ground tools oughtotbe developed well in advance of bggmmng. Indeed, thivas the onj realistc option in a
situation where th DS1 team was under extreme

:]nedicrfgzlrgltlgr:]ctj e;:)ttge use?geaz); p{é@?g?::}i t%it\?:; pressure to deliver baseline DS1 sofvard therefore
P b Y ' ould afford little distraction from their primaigoal.

tgglslaf %itde n?f %i\iﬁlé)ran;sl?tngr vl;r(]atl)lsitng :gfe dgrzl;n(ifloreover, it was thought thahe demonstration of Al
rag an 9 ' technolog taking control of the spacecratft itself would
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stimulate interest in learning more about the inner Robustness of Model Based Design
workings of the technology. This assumption proven to

be wrong due to thheawy workload of the DS1 team. AS. misston dgvelopment times beccmyflhorter. and
mission objectives become more ambitious,sitess

RA technolog therefore missed the opportunito  and less likgl that an accurate model of each spacecraft
enlist the DS1 team as one of iknowledgeable component will be availabl ealy in the flight and
supporters. After RAX, we found thdhe DS1 team ground software development cycle. Dealing with this
still has a number of basic questions regarding RAuncertainy is a major problem facing future missions.
some no different v than thg were at the beginning By emphasizing qualitater and high-levé models of
of the mission. In conclusion, although supportive of behavior RA ca help solve this dilemma. Qualitative,
RAX, most membeyof the DS1 team have not become high-levéd models can & @aptured eayl in the mission
knowledgeable advocates for the RA technology. lifetime and should need oplminor adjustments when
Conclusionsfuture similar efforts shodlpay attention the hardware- IS better under_stood. Our €Xxperience on
RAX essentialf confirms this hypothesis. Initial

to educate th astomer in the technolggso that the Sé)acecrafmodels used wPS, EXEC and MIR were

customer can become a user and supporter of tr1)U|It eary in the DS1 mission, before April 1997.

technology—and give valuable feedback on ways t(?During the following year and a half, EXEC and MIR

Improve It Undgrstandlng and support rfrolhe models did not chamgand tte PS model was only
operationalevel (i.e., the people actualteveloping . X
. o ; L changed in order to suppomore dficient problem
and deploying software) is important since it is this . ; .
solving by the search engine, not in order to reflect new

level that the impact and usefulness of the techyakog :
directly experienced. Support at higher levels of theknowledge of the spacecraft behavior. In the last phase

o : . of the experiment preparation, when communications
mission management hieraychis also needed

. ; 7 . between the RAX team and the DS1 team resumed,
especialy earl in the process, in order to clari€osts

and trade-off of the technolpgwith respet to the adjustmerg were needed to fmghzg the mterface
L between the low-level EXEC primitives and flight
overall goal of the mission.
software.
Remote Agent vs. Autonomy

Conclusion: Contrar to much concern, the type of
There ha always been a tight identification of the RA qualitative, high-leviemodels usd by the RA requires
technoloy with “autonomy”. For example, one of the little tuning throughout the projectThe usefulness of
most highlighted aspects of RA is its alilib support the models for software development shdeen
“fail operational.” However, oe ould argue thiathe validated.

largest potential benefit of RA is idrectly supporting
system and mission engineering funciowith
formalized languages and models than adrectly A precie daracterization of he RA deals with
translate ind operational, application code. Ehis a  uncertainty, however, requires additional work. At the
“process benefit” andsiquite independent of whether start of RAX development we believed that RA was
or not the resulting flight software functiongliis  particularly suited b goerate robusyl under conditions
highly autonomous or more traditional. It will alde  that had not been expligititested. However, during
important to identif the value of usig dfferent RA  development we discovered that, particylanlthe case
components to solve localized problems ¢ackly of PS, n& scenarios sometimes highlighted flaws in
missiors in an economicayl viable way. In fact, the the problem solving strategy. What usydlappened is
decision of whether to adopt RA technotagcross the that, although in principle PS could solve the new
board, ory for low-level control or ont for the high- problem (i.e., PS search was complete), in practice it
level observation management is a decision thatould not always do so within ehperformance
depends on #hspecific cost/benefit tradeoff for the requirements of RAX, such as timing and memory, and
mission. therefore needed e modified.

Uncertainy Handling

Conclusions: we need to mrdearly articulate the Based on our experience, we believe that robustness to
value of thétechnolog even if it is not used to achieve uncertainy could be better characterized the ability
higher levels of autonomy. RA technologies can bdo gperate according to specifications within the
used individually or togethetepending on the mission boundaries of validated capabilitiesid importan that
needs. the boundaries of the validated capabilities be
established in advance through formal validation or
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extensive testing. We believe that characterizing thesthe integration of Remote Agent with traditional flight
boundaries without full path testing (which is software, and for allowing humarand autonomous
impossible for typical applicatien of RA) is an software to interdc more @asily. The tem is
important research and development goal for RAcollaborating with software verification researchers at
technology. NASA Ames Research Center and Carnegie-Mellon
University to allow certain Remote Agent models e
analyzed to prove tlyecannot recommeh undesired
behavior. Tle omponents are also indfprocess of
being ported from Lisp to C++ toitf more seamlessly
fit into flight environments, with the planner and
Livingstore having achieved significant milestones in
their ports. In short these researchd atevelopment
Ltforts ae designed to make the Remote Agent and
similar technologies mer @pable, easier to use, and
easier to test ahvalidate.

It is possible that sometimes RA will hawedperate in
conditions that have not been fulNalidated. In this
case it will be important for thoverall fault protection
systen to appropriategl monitor the behavior of RA
while guaranteeing the safedf the ontrolled system.
When using RA in tB ontext of a mission, system
engineering, fault protection and mission engineerin
will have to identif which autonomous behavior
should be guaranteed and whichymat. This selection
will have © ke guided i the goa$ of a mission, the
level of thred to system hedit posel by the Remote Agent technolgg is successfuly being
environment, and # acceptable levels of system transferred beyond the original team and several groups
performance in different phases (e.g., launch and chede airrently building prototypes with Remote Agérin

out, cruise, encounter, landing). order to evaluate it. At NASA's Kenng&pace Center,

Conclusion:Remote Agent's formal declarative models Remote Agent apphqatlon_s are be.mg. developed to
" ) o : evaluate RA for missions involving in-situ propellant
can facilitate the identification of classes of validated roduction on Mas on the 2003 lander or a future
conditions under which RA performance is guaranteed(.). - L .
Outside tle validatel baundaries RA sometimes piloted mission. Applications for shuttle operasare

) o o beig pursued a well. At the Jet Propulsion
fail to goerate within performance limits and we should . .
X . Laboratory, Remote Agéns being evaluated sathe
rely on good fault protectio design to guaraee asafe

continuation of the mission baseline autonomrchitecture.for fda Origins_Program
' Interferomety Instrumens and s being used in the JPL
FUTURE WORK interferomety testbed. The Ne Millennium Rrogram’s
Deep Space Three, a space-based interferometry
Future work regarding Remote Agent can be dividednission which includes tw o three spacecraft
into three céegories: fundamenitamprovements in the cooperating to take science observationsy i@ one
capabilities of its components, improvements inearly customer of this development. At Johnson Space
usability ~ or  deployability, —and  upcoming Center, components of Remote Agent are being
demonstrations or applications. integrated into an ecologicdife suppor testbed for
human missions beyond Earth orbit. At Ames Research

A number of basic research aseae being pursued to c R A h s boing | q
improve future iterations of Remote Agent. Contingent, enter, Remote Agent technolog being incorporate

planning and diagnosti anbiguity are ju$ two into software for more robusticontrolling planetary

examples. Contingent planning enables a planner fpvers. Working with Orbital Sciences Corporation,

create a plan with branches thmaay be taken if ap of AmT_s IS worklngl_to_ dedT;nstLate Rec;note Agesmtfa
a range of likel events occur, reducing the need to@Pp'ies to streamiining eckout and operation of a

replan. Improved handling of uncertainwill allow reusable launch vehicle. Bdemonstration will f on

Livingstore to better track multipt ambiguous the X-34 vehicle.

trajectories the syste may be following and

recommend actigthat are sa&f and goal-directed even SUMMARY

though tle system is in one of several possible states. With the successful conclusion of the Remote Agent

Applying Remote Agent to the Deep Space 1 SpacecrafE_xperlment, we've taken a major step on the path to

provided a wealth of practickessons about what was ighly autonomos pacecraft. -In addition to ¢hed

i : : product, Remote Agent, the process of developing,
needed to creata sustainable autonomengineering . .
. L deploying ad demonstrating such a system on Deep
process and make thiechnoloy usable for main-line

mission cevelopment an cperations. The Remote Space One has also had an invaluable technological

. ! : impact. For technolog providers, it has provided
Agent tean is naw developing tools for graphically T
. . . aluable lessons about the criti¢asues for injecting
creating and debugging models, for automating much of
10
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autonony technoloy into the NASA enterprises. For
the NASA enterprises, it provided additional exposureProceedings of 811999 IEEE Aerospace Conference,
to the mncept of model-based and goal-directed1999.

operations for future NASA missions. The lessons’ P. Pandurang Nayak, et al., "Validating the DS1
learned will allev us to improve the technology, our Remote Agent Experiment”, Proceedimg the 5th
processes, and perhaps most importantly, our approadhternational Symposium on Artificial Intelligence,

to technolog infusion. In short, th hope is that the Robotics and Automation in Space (iISAIRAS-99),
experiete ad lessons learned during the Remotel999.

Agent Experiment will serve as the thin end of the

wedge as far as ¢hmaturation ad deployment of

autonony technoloy in aerospace applications is

concerned.
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